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 31 
Abstract  32 
 33 
Elucidating the nature of genetic variation underlying both sexually-selected traits and 34 
the fitness components of sexual selection is essential to understanding the broader 35 
consequences of sexual selection as an evolutionary process. To date, there have been 36 
relatively few attempts to connect the genetic variance in sexually-selected traits with 37 
segregating DNA sequence polymorphisms. We set out to address this in a well-38 
characterised sexual selection system - the cuticular hydrocarbons (CHCs) of 39 
Drosophila serrata - using an indirect association study design that allowed 40 
simultaneous estimation of the genetic variance in CHCs, sexual fitness and single 41 
nucleotide polymorphism (SNP) effects in an outbred population.  We cloned and 42 
sequenced an ortholog of the D. melanogaster desaturase-2 gene, previously shown 43 
to affect CHC biosynthesis in D. melanogaster, and associated 36 SNPs with minor 44 
allele frequencies > 0.02 with variance in CHCs and sexual fitness. Three SNPs had 45 
significant multivariate associations with CHC phenotype (q-value < 0.05). At these 46 
loci, minor alleles had multivariate effects on CHCs that were weakly associated with 47 
the multivariate direction of sexual selection operating on these traits. Two of these 48 
SNPs had pleiotropic associations with male mating success, suggesting these variants 49 
may underlie responses to sexual selection due to this locus. There were 15 significant 50 
male mating success associations (q-value < 0.1) and interestingly, we detected a non-51 
random pattern in the relationship between allele frequency and the direction of their 52 
effects on male mating success. The minor frequency allele usually reduced male 53 
mating success, suggesting a positive association between male mating success and 54 
total fitness at this locus.  55 
  56 
 3
Introduction  57 
 58 
Sexual selection is a source of strong directional selection in natural 59 
populations (Kingsolver et al., 2001, Hereford et al., 2004) that is thought responsible 60 
for some of nature’s more spectacular phenotypes such as elaborate male armaments 61 
and ornamental display traits (Andersson, 1994, Darwin, 1871).  Beyond the 62 
evolution of phenotypic novelty, sexual selection may contribute to speciation 63 
(Ritchie, 2007), the maintenance of sexual reproduction (Agrawal, 2001, Siller, 2001), 64 
accelerating rates of molecular evolution (Swanson & Vacquier, 2002) and generating 65 
intragenomic conflicts between sexes (Bonduriansky & Chenoweth, 2009). While 66 
sexual selection has been studied in depth from phenotypic (Andersson 1994) and 67 
quantitative genetic perspectives (Chenoweth & McGuigan, 2010), there are very few 68 
species in which the basis of natural variation in sexually-selected traits have been 69 
established at the level of DNA sequence variation (Wilkinson et al., 2015). 70 
Candidate gene association studies have been far more commonly applied to the 71 
analysis of postcopulatory (e.g. Fiumera et al., 2007, Zhang et al., 2013) rather than 72 
precopulatory sexual selection (Chenoweth & McGuigan, 2010). Understanding the 73 
genetic basis of sexually-selected traits may be informative of the selective processes 74 
affecting standing variation, mutational target sizes and the underpinnings underlying 75 
some assumptions of models of sexual selection (Wilkinson et al., 2015).  76 
 77 
A molecular understanding of sexually-selected trait variation requires 78 
empirical approaches that can detect the genomic variants underlying not only trait 79 
variation but also the fitness components of sexual selection. Sexually-selected traits 80 
evolve, in the first instance, via their genetic covariance with a component of relative 81 
sexual fitness such as pre- or post-copulatory mating success. Ultimately this must 82 
also co-vary genetically with total fitness in some way (Chenoweth & McGuigan, 83 
2010). For example, while a gene may be involved in the construction of a sexually-84 
selected trait during development, it may not produce variation in the trait or if it 85 
does, it may not produce variation in a way that generates differences in sexual fitness 86 
between individuals of the same sex. Thus to understand the responses to sexual 87 
selection at the DNA level requires the detection of variants with pleiotropic effects 88 
on sexual traits and sexual fitness.  While classic quantitative genetic approaches have 89 
been used to estimate genetic correlations between sexually selected traits and 90 
components of both sexual and nonsexual fitness (Brooks, 2000, Hine et al., 2002), 91 
these summary measures are not informative of the specific evolutionary processes 92 
maintaining variance at given loci. For example, we may wish to understand whether 93 
the variants underlying sexually-selected traits conform to a mutation-selection 94 
balance model (Haldane, 1927) or if they sometimes are affected by balancing 95 
selection between opposing sexual and natural selection (Johnston et al., 2013).  By 96 
dissecting of the genetic variance in both trait and sexual fitness to the level of 97 
individual variants and their population frequencies, we may be able to test these 98 
ideas in new ways (e.g. Park et al., 2011). 99 
 100 
The approach outlined above requires experimental systems where both sexual 101 
fitness and sexually-selected traits can be assayed simultaneously, ideally in an 102 
outbred population. A well-studied system of sexually-selected traits is the cuticular 103 
hydrocarbons of Drosophila serrata. Cuticular hydrocarbons are waxy long-chained 104 
molecular synthesized in oenocyte cells under the insect cuticle. At the molecular 105 
level, D. serrata CHCs are a suite of monoenes, dienes and methyl-branched alkanes 106 
 4
(Howard et al., 2003). Female D. serrata express genetically-based preferences that 107 
generate sexual selection on male CHCs (Rundle et al., 2009; Hine et al., 2002). 108 
Recent physical manipulation of male CHCs has demonstrated experimental links 109 
between male mating success and CHC phenotype (Chung et al., 2014) and 110 
multigenerational artificial selection on “attractive” CHC blends produced a 111 
correlated response of increased male attractiveness to females (Hine et al., 2011). 112 
While D. serrata represents a tractable system for understanding the genetic 113 
architecture of sexually selected trait variation, like many systems for studying sexual 114 
selection, it remain largely unexplored at the molecular level. One notable exception 115 
is the recent study of the mFAS gene which, when manipulated in transgenic males, 116 
reduced production of two methyl-branched CHCs important for male mating success 117 
(Chung et al., 2014).  118 
 119 
The biosynthetic pathway for CHCs in insects is not completely understood 120 
(Howard & Blomquist, 2005), however it is clear that two processes in hydrocarbon 121 
synthesis involve the desaturation and elongation of precursor molecules. In the 122 
biosynthetic pathway the enzymes responsible for these processes are desaturases and 123 
elongases respectively (Howard & Blomquist, 2005). In D. melanogaster, two 124 
desaturase genes, desat1 and desat2, are of particular interest (Labeur et al., 2002, 125 
Dallerac et al., 2000). Both genes code for ∆9 fatty acyl-CoA desaturases; however in 126 
species where both genes are expressed, the two enzymes produce desaturases from 127 
different fatty acyl-CoA precursors, altering the double-bond placements of the final 128 
CHC products (Howard & Blomquist, 2005, Ferveur, 2005). In geographically 129 
distinct populations of D. melanogaster, a 16 base-pair deletion mutation in the desat2 130 
gene has been associated with the differing expression of CHC dienes in females 131 
(Coyne & Elwyn, 2006, Dallerac et al., 2000) and this CHC difference may also 132 
contribute to sexual isolation between geographical races (Fang et al., 2002). 133 
 134 
Here, we perform a candidate gene association study of male CHCs and male 135 
mating success in a sample of 100 families derived from an outbred natural 136 
population of D. serrata. We cloned and sequenced a D. serrata ortholog of the 137 
desat2 gene, which unlike in D. melanogaster, is expressed in both sexes rather than 138 
only in females. Our experimental design allowed us to simultaneously estimate the 139 
genetic variation in mating success and CHCs, and to associate this variation with 140 
single nucleotide polymorphism (SNP) variation at the desat2 locus. Our analyses 141 
suggest that some variants at this locus may have pleiotropic effects on sexually-142 
selected traits and on the fitness component of precopulatory sexual selection, while 143 
other variants may influence only one of these.  144 
 145 
Materials and Methods 146 
 147 
We employed an indirect association study design where multiple families are 148 
founded from outbred parents who are then genotyped, and samples of their offspring, 149 
are phenotyped. Such indirect designs have been successfully used for candidate gene 150 
association studies in D. melanogaster (Weeks et al., 2002, Rako et al., 2007, 151 
Kennington et al., 2007). The test of association is performed between family mean 152 
phenotype and the expected frequency of the minor allele in the progeny. This 153 
approach offers two advantages over the creation of inbred lines or directly 154 
genotyping and phenotyping wild-caught flies. First, the traits are not subject to 155 
inbreeding depression, and second, the designs produce significantly more power per 156 
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genotype for low heritability traits compared to genotyping and phenotyping all 157 
individuals (Chenoweth & Visscher, 2009). This is an issue of relevance when dealing 158 
with fitness component traits (e.g. male mating success), which tend to have lower 159 
heritabilities than morphological traits (Roff & Mousseau, 1987, Mousseau & Roff, 160 
1987). We collected 200 inseminated female D. serrata from a natural population in 161 
St Lucia, Qld Australia in 2008 and allowed them to lay their eggs in vials in the 162 
laboratory. From each brood, we sexed either a single male (100 lines) or a single 163 
female (100 lines). These virgin males and females were then randomly paired and 164 
allowed to mate, creating 100 completely independent full-sib families. Both parents 165 
from each family were sequenced at an ortholog of the D. melanogaster desat 2 locus 166 
using Sanger sequencing and a maximum of 10 male offspring per family were scored 167 
for both mating success and CHC phenotype. 168 
 169 
Phenotyping 170 
Five-day-old virgin male offspring from the 100 full-sib families were allowed to 171 
compete against virgin males from a stock of the St Lucia population that was held at 172 
large effective size for 4 generations prior to the experiment.  We used standard 173 
binomial mate choice trials (Wagner, 1998, Hine et al.), in which a focal male was 174 
competed against males from the stock for copulation with a stock virgin female.  A 175 
maximum of ten mating trials were performed per full-sib family. Immediately after 176 
mating had commenced, CHCs were extracted from the focal male using a standard 177 
hexane wash method (Blows & Allan, 1998). Samples were run in a randomised order 178 
on an Agilent HP8990 Gas Chromatograph using established techniques  (Blows & 179 
Allan, 1998). Nine CHCs were scored for each male employing standard gas 180 
chromatography methods including four dienes: Z,Z-5,9-C24:2 , Z,Z-5,9-C25:2, Z,Z-5,9-181 
C27:2, and Z,Z-5,9-C29:2; two monenes: Z-9-C25:1 and Z-9-C26:1, and three methyl-182 
branched alkanes: 2-Me-C26, 2-Me-C28 and 2-Me-C30. 183 
 184 
Cloning and genotyping 185 
We cloned and sequenced the full coding sequence of an ortholog (verified via 186 
reciprocal BLAST (Altschul et al., 1997)) of the D. melanogaster desat2 gene 187 
(CG5925) from D. serrata ESTs (Frentiu et al., 2009), using 5’ and 3’ rapid 188 
amplification of cDNA ends (RACE). The partial EST sequences were used to design 189 
primers for RACE to obtain the full-length sequence of the gene (primer sequences 190 
available from the authors). RNA from adult flies was extracted using Trizol LS 191 
reagent (Invitrogen, Carlsbad, CA, USA).  RACE was performed using the 5’/3’ 192 
RACE kit (2nd generation) from Roche Applied Science (Manheim, Germany).  193 
RACE products were cloned using the pGEM T-easy vector system II (Promega, 194 
Madison, WI, USA), followed by sequencing of clones bearing inserts.  Primers were 195 
designed to amplify the full length of the genes (desat2 forward: 5’-196 
ATTCCAGCAACTGGTGTCAGC-3’, desat2 reverse: 5’-197 
CCCAAACGATCAATGGAAATGTA-3’). Full-length sequence for the gene is 198 
available in Genbank (GU289230.1).  199 
 200 
As desat 2 is only expressed in D. melanogaster females we first checked to see if the 201 
gene was expressed in both sexes in D. serrata. Total RNA was extracted from adult 202 
whole body tissue using Trizol LS reagent. Using the primers above, four replicate 203 
cDNAs were constructed for each sex using the SuperScript III First-Stand Synthesis 204 
System for RT-PCR (Invitrogen, Carlsbad, CA, USA).  We recovered transcripts of 205 
the expected size from both sexes, observed by visualizing on an agarose gel. 206 
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 207 
For genotyping, DNA was extracted from the 200 parental flies using phenol-208 
chloroform. A 2kb product was obtained for desat2 via PCR. Products were directly 209 
sequenced at Macrogen (Korea). Sequences for each of the 200 parental flies were 210 
aligned using CodonCode Aligner (CodonCode Corporation) and variable sites were 211 
exported for statistical analysis. A common sequence of 1440bp was obtained for 212 
each of the 200 parental individuals. Heterozygous individuals were identified by 213 
visually inspecting sequence chromatograms. We scored 36 SNPs with a minor allele 214 
frequency (MAF)  0.02 for association testing.  215 
 216 
Statistical Analysis 217 
We followed standard transformation of CHC peak areas using logcontrasts, which 218 
avoid the unit-sum constraint that is typically associated with compositional data 219 
types such as CHC proportions (Aitchison, 1986). The diene Z,Z-5,9-C24:2 was the 220 
common divisor in all analyses to allow comparison with other D. serrata CHC 221 
studies.  The CHC data were screened for multivariate outliers prior to any analysis 222 
using the Mahalanobis distance method (Sall et al., 2005). Outlier analysis is 223 
performed across the entire dataset ignoring any family relationships. Typical outliers 224 
do not run in families but reflect errors in CHC extraction or peak integration. Broad-225 
sense heritabilities for CHCs and male mating success were calculated with a 226 
univariate random effects model: CHC = line + error. Each male offspring was raised 227 
singly in an individual vial; thus, environmental variance due to any rearing vial effect 228 
is contained with the error term in this model. We tested for significant sexual 229 
selection on male CHCs using standard Lande and Arnold (1983) least squares 230 
multiple regression. Linear models were fitted using the MIXED procedure of SAS 231 
version 9.2 (SAS Institute, Cary NC).  232 
 233 
The test for association in the indirect design consists of a regression of expected 234 
minor allele frequency (MAF) in the progeny against family mean phenotype 235 
(Chenoweth & Visscher, 2009). For full-sib families the expected minor allele 236 
frequency in the progeny can have values 0, 0.25, 0.5, 0.75 and 1, reflecting the 237 
different types of parental matings possible.  The CHCs of D. serrata are highly 238 
genetically correlated and previous work has demonstrated that these traits are best 239 
analysed within a multivariate framework (Blows et al., 2004). Consistent with this 240 
analytical approach, we implemented a multivariate test of association based on 241 
canonical correlation analysis (Ferreira & Purcell, 2009).  As well as making use of 242 
information in the data that is invisible to univariate analyses - cross-trait phenotypic 243 
and genetic covariances - the approach has the added benefit of reducing Type 1 error 244 
rates (Ferreira & Purcell, 2009). We implemented the test using the MIXED 245 
procedure of SAS (Version 9.2), which allowed us to assume an unstructured 246 
variance-covariance matrix among the eight CHC traits. The linear model for this 247 
analysis is: 248 
 249 
Y = XB + E      (1) 250 
  251 
Where Y is a n = 100 x 8 matrix of family means for the eight CHCs scores, X is an 252 
100 x 2 element design matrix with 1s in the first column and the coding variables for 253 
the progeny SNP frequency in the second column, B is 2 x 8 element matrix 254 
containing the eight intercept (row 1) and the slope estimates (row 2) that represent 255 
the additive effects of the SNP on each CHC.  The second row of B contains the 256 
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“effects vector” for the additive effects of the SNP on the eight traits. The residual 257 
error is E. We fitted model (1) to the data using an unstructured error variance-258 
covariance matrix in the error term.  259 
 260 
We tested all SNPs with a MAF  0.02 for associations with CHCs and male mating 261 
success.  We observed significant linkage disequilibrium between some pairs of SNPs 262 
within the gene, thereby violating the assumption of independence among association 263 
tests for each SNP.  Therefore, we assessed statistical significance using permutation 264 
tests.  For the mating success data we implemented a permutation test using R version 265 
2.13.1 (R Development Core (2008) shuffling the relationship between mating 266 
success and each SNP genotype 1000 times. The permutation test for the multivariate 267 
test of association was implemented in a similar fashion but using SAS, again with 268 
1000 permutations of the data. False Discovery Rate (FDR) q-values were estimated 269 
from the permutation-based p-values using the qvalue package in R (Dabney et al., 270 
2009). For this study, a nominal significance level was q-value  0.05 for CHCs and  271 
0.1 for male mating success owing to the fact that CHCs have a higher heritability 272 
than male mating success (Chenoweth & Visscher, 2009). 273 
 274 
When we observed SNPs having significant associations with male CHCs, we 275 
compared the direction of their vectors of additive effects to the multivariate direction 276 
of sexual selection in the population, β, by calculating the angle between the two 277 
vectors:  278 
 279 
   ߠ ൌ cosିଵ ቀ ࢇ೎೓೎∙ࢼ‖ࢇ೎೓೎‖‖ࢼ ‖ቁ  ,   (2) 280 
 281 
where achc is the vector of additive CHC effects from (1). Small values of  indicate 282 
that SNP effects are closely aligned with the direction of sexual selection (i.e. may 283 
increase sexual fitness through a CHC effect) while larger angles indicate poor 284 
alignment.  285 
 286 
Results  287 
 288 
Quantitative genetic and selection analyses 289 
 290 
We detected standing genetic variation for both the sexually-selected traits (CHCs) 291 
and the fitness component of precopulatory sexual selection, male mating success. 292 
CHCs and mating success were scored for on 785 male flies from 99 families. There 293 
was significant genetic variance for all CHCs and male mating success (Fig. 1), with 294 
likelihood ratio tests confirming line level variance components significantly greater 295 
than zero at P < 0.05. Broad-sense heritabilities for CHCs ranged from 0.52 for the 296 
logcontrast diene Z,Z-5,9-C25:2 to values exceeding 1.0 for the methyl-branched 297 
alkane 2-Me-C30 and the diene  Z,Z-5,9-C29:2 (Fig.1 ). As expected, the broad-sense 298 
heritability of male mating success was lower (H2 = 0.10). 299 
 300 
We confirmed that CHCs were under directional sexual selection in this sample of 301 
flies using multiple linear regression (Lande & Arnold, 1983) (ANOVA: F7,776 = 4.76, 302 
p < 0.001, R2 = 0.05). Consistent with previous work in this population, directional 303 
sexual selection was strongest on the methyl-branched alkane, 2-MeC28, and the 304 
diene, Z,Z-5,9-C29:2 (Table 1).  305 
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 306 
Genotype-phenotype associations 307 
We genotyped 36 SNPs at the desat 2 locus (MAF  0.02). Typically linkage 308 
disequilibrium was low among the 36 SNPs, although some LD blocks were apparent 309 
(Supplementary Figure 1).  For CHCs, no individual SNPs survived experiment-wide 310 
permutation test significance (Doerge & Churchill, 1996). However, three SNPs had 311 
significant marker-wise associations (q-value <0.05, Figure 3).  These were at 312 
positions 132 (5’UTR), 371 (Exon 1) and 580 (Exon 2). The SNP s132 was in weak 313 
linkage disequilibrium with the other two SNPs, which were more closely linked to 314 
each other (Supplementary Figure 1). A strength of our approach is that it allows 315 
allelic effects on multiple CHCs to be directly compared with the direction of 316 
multivariate sexual selection in this population. The estimated angles between 317 
additive effects vectors and β, the direction of sexual selection, were all quite large 318 
(Table 1, Fig3A). SNP s132 had the largest angle, a near –orthogonal value of 88° 319 
while s371 and s580 had angles of 74° and 73° respectively. 320 
 321 
For male mating success, 15 out of the 36 markers tested had q-values < 0.1. The 322 
estimated effect sizes of these were moderate (ranging from 2-6% of the among-line 323 
variance). The adjusted R2 value of a model fitting all of these 15 SNPs 324 
simultaneously was 0.11, which suggests that the linkage disequilibrium among SNP 325 
markers inflates the effect size estimates of individual SNPs.  Two of the SNPs with 326 
significant CHC associations also had nominally significant mating success 327 
associations (s371 and s580), whereas there was no suggestion of a mating success 328 
association for s132.  329 
 330 
There was directional skew in minor allele effects on male mating success. Of the 15 331 
significant male mating success associations, 13 were found to reduce male mating 332 
success (Figure 3B). This result was significant using a binomial test, which assumes 333 
an equal number of positive and negative associations under the null hypothesis (p = 334 
0.007). However, a binomial test does not account for linkage disequilibrium between 335 
markers and so the test is likely anti-conservative. To address this, a permutation test 336 
that preserved the linkage disequilibrium structure of the SNP data was performed to 337 
determine how often 13 or more negative associations might be expected under the 338 
null hypothesis of no association between SNPs and male mating success. This test 339 
was still significant  (10,000 permutations; P = 0.043), suggesting that, at least at the 340 
broad level, minor frequency alleles within this gene tend to be associated with a 341 
reduction in male mating success.  342 
 343 
Discussion  344 
 345 
We provide some of the first evidence of the relationship between nucleotide variation 346 
and sexually selected traits in a model system for the study of precopulatory sexual 347 
selection, the cuticular hydrocarbons of Drosophila serrata. Focusing on a gene 348 
confirmed to be involved in CHC biosynthesis in other species, we found evidence for 349 
associations with both CHC phenotype and male mating success, a fitness component 350 
of precopulatory sexual selection.  351 
 352 
Three variable sites in the desaturase 2 gene had multivariate associations with 353 
CHCs. Consistent with its role in affecting dienes in D. melanogaster, the strongest 354 
loadings in the additive effects vectors in D. serrata were for diene CHCs. Like D. 355 
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melanogaster, D. serrata dienes have double bonds at the 9th position and thus these 356 
effects are consistent with that expected of a Δ9 desaturase. One association was in 357 
the 5’UTR while the other two were in Exons 1 and 2 respectively. While the 358 
association at s132 (5’UTR) may have regulatory activity, it is less clear what the 359 
functional consequence of the two exonic SNPs might be as they lead to synonymous 360 
changes. However, results from other genome-wide association studies report 361 
quantitative trait associations for synonymous sites (Magwire et al., 2012) as have 362 
candidate gene studies of postcopulatory sexual selection in D. melanogaster 363 
(Reinhart et al., 2015). SNPs s371 and s553 were in linkage disequilibrium 364 
(Supplementary Figure 1) and therefore these two sites may not reflect independent 365 
effects. Although linkage disequilibrium was generally quite low within the 366 
desaturase 2 locus in our sampled population, we cannot exclude the possibility that 367 
these associated sites are linked to causal SNPs outside the sequenced region. 368 
 369 
Our multivariate association testing approach allows us to express SNP effects in the 370 
same trait space as multivariate sexual selection and compare their orientations. The 371 
two CHC-associated SNPs, s371 and s553, were also associated with male mating 372 
success, with angles of 74° and 73° respectively. These sites may have pleiotropic 373 
effects on CHCs and male mating success and are thus likely to contribute to the 374 
genetic covariance between CHCs and male mating success in this population. It is 375 
this class of variant that would be predicted to contribute to a response to sexual 376 
selection. In contrast, the variant at s132, although associated with CHCs, was not 377 
associated with male mating success. This becomes clearer when considering the 378 
nearly orthogonal angle (88°) between its estimated effects vector and the direction of 379 
sexual selection, β, which suggest they are uncorrelated. These relatively weak overall 380 
associations between SNP effects on CHCs and the direction of sexual selection is 381 
consistent with previous quantitative genetic studies of D. serrata that report a poor 382 
alignment between β and the major axes of CHC standing variance (Hine et al., 2004). 383 
While the above analyses consider only a tiny fraction of the D. serrata genome, 384 
future experiments, conducted on a genome-wide scale, may provide a more complete 385 
picture of the orientation of the effects of individual genomic variants with the 386 
direction of sexual selection. 387 
 388 
In providing estimates on direction-of-effect on male mating success and naturally 389 
occurring allele frequencies, our association study data can be used to evaluate 390 
possible models for the maintenance of sexually-selected variation at this locus. 391 
Broadly, a model of mutation-selection balance predicts that lower frequency alleles 392 
should be those that reduce fitness (Haldane, 1927). We detected strong skew in the 393 
direction with which the minor allele affected male mating success, because in 13 out 394 
of 15 cases the minor allele decreased male mating success, a result that was robust to 395 
linkage disequilibrium between SNPs. Similar patterns have been observed in studies 396 
of early onset human diseases where the minor frequency allele more often increases 397 
disease risk (Park et al., 2011). However, in this study we have not investigated  398 
“fitness” per se, but rather a component of male sexual fitness. Thus the detection of a 399 
pattern consistent with mutation-selection balance for sexual fitness can go some way 400 
towards informing us of the orientation between sexual and non-sexual fitness. The 401 
patterns here suggest a positive association between sexual and non-sexual fitness, at 402 
least in this gene.  403 
 404 
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While we may expect mating success to be a large part of male sexual fitness, these 405 
results contrast with artificial selection results in this system, which suggest that some 406 
of the variants affecting attractive CHC blends reside at low frequency because of 407 
negative pleiotropic effects with non-sexual fitness (Hine et al., 2011). However, the 408 
Hine et al. 2011 study was conducted on a long-term lab adapted population rather 409 
than a recently derived natural population as we have studied here. Long-term lab 410 
populations are more likely to have reached a local adaptive peak, and therefore we 411 
may expect different equilibrium frequencies of alleles with pleiotropic effects on 412 
sexual and non-sexual fitness (Long et al., 2012). Variants where sexual and non-413 
sexual fitness effects are closely aligned will have reached high frequencies if 414 
adaptive or very low frequencies if deleterious, leaving those with opposing 415 
pleiotropic effects segregating and therefore contributing to much of the genetic 416 
variance for sexual fitness (Connallon & Clark, 2012). It should be noted that the 417 
minor frequency alleles in this study are not particularly rare when considering the 418 
expected frequencies of alleles that are highly correlated with total fitness (Eyre-419 
Walker, 2010). Thus it is likely that, despite detecting an overall bias in the 420 
frequency-effect relationship suggesting male mating success contributes positively to 421 
total fitness, total selection is likely to have been weak and therefore opposing 422 
pleiotropic fitness effects remain likely. Sources of counter-selection on CHCs in D. 423 
serrata could include sexually antagonistic effects (Gosden et al., 2012), or effects 424 
mediated though desiccation or temperature resistance (Gibbs et al., 1997, Chung et 425 
al., 2014).  426 
 427 
There are some important caveats to note concerning our association testing approach. 428 
Association testing should be viewed as an initial step towards understanding links 429 
between genotype and sexually-selected phenotypes in D. serrata as it is not a 430 
demonstration of causality and, although suggestive, these associations will ultimately 431 
need to be replicated in other samples. While the sophisticated tools available in D. 432 
melanogaster are not available for D. serrata, careful transgenic approaches are 433 
possible (Chung et al. 2014) and new advances in genome engineering technology in 434 
non-model insects may ultimately facilitate experimental validation in this species 435 
(Kistler et al., 2015). Our approach of estimating both genetic variation in sexually-436 
selected traits and male mating success within the same experimental design as 437 
individuals are genotyped has permitted confirmation that the traits are indeed under 438 
sexual selection and, more importantly, the identification of variants that influence 439 
traits in ways that actually covary with sexual fitness itself. With rapidly falling 440 
sequencing costs, our approach could potentially be extended to a genome-wide scale 441 
with the use of whole genome resequencing of parents. Such genome-wide 442 
approaches may be useful in exposing variation across the genome in the models that 443 
can best explain the maintenance of genetic variation in sexually-selected traits.  444 
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 15
 605 
 606 
Table 1. Vector of directional sexual selection gradients, β, and additive effects 607 
vectors, a, for the three CHC-associated SNPs, q-value < 0.05. Also indicated are the 608 
angles between additive effects vectors and β for each SNP.  All vectors have been 609 
normalised to a unitary length.  610 
 611 
CHC β a132 a371 a580 
 
Z,Z-5,9-C24:2 -0.3150 -0.6143 -0.3660 -0.6627 
 
Z,Z-5,9-C25:2 0.2982 -0.2617 -0.5959 -0.3096
 
Z-9-C25:1 -0.1096 -0.1225 -0.5283 -0.4195
 
2-Me-C26 -0.0326 -0.2617 0.2729 0.0445
 
Z,Z-5,9-C27:2 -0.1692 -0.4785 -0.0934 -0.3820
 
2-Me-C28 0.4736 -0.3513 0.0145 -0.2662
 
Z,Z-5,9-C29:2 0.7389 -0.0294 0.3463 0.2518
 
2-Me-C30 -0.0003 -0.3426 0.1686 0.0825
Angle ax- β  88° 75° 73°
 612 
 613 
  614 
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 615 
Table 2. Significant associations between SNPs at the desat2 locus and male cuticular 616 
hydrocarbons and male mating success (MMS) in an outbred population of D. serrata.  617 
 618 
Position MAF Location Base 
 Change 
AA 
Change 
CHC 
q-value 
MMS 
q-value 
MMS 
R2 
 
s132 0.02
 
5` UTR 
 
T/G  
 
0.0228** 0.4021  
 
 
s350 0.15 Exon 1 C/T   0.1580   0.0929* 0.020 
s371 0.25 Exon 1 G/A  0.0114** 0.0706* 0.045 
s401 0.02 Exon 1 C/T  0.1580 0.0829* 0.035 
s438 0.18 Intron1 T/A   0.1580 0.0706* 0.060 
s439 0.18 Intron1 G/T   0.1580 0.0706* 0.058 
s500 0.02 Exon 2 C/T  0.2991 0.0829* 0.030 
s580 0.11 Exon 2 C/T  0.0114** 0.0794* 0.033 
s630 0.22 Exon 2 C/T  0.2088 0.0929* 0.024 
s826 0.15 Intron 2 G/C  0.2088 0.0706* 0.043 
s849 0.23 Intron 2 A/T   0.2088 0.0929* 0.023 
s914 0.02 Exon 3 C/T  0.2972 0.0929* 0.023 
s984 0.16 Exon 3 G/T A -> S 0.1580 0.0706* 0.044 
s1022 0.14 Exon 3 C/T  0.1580 0.0807* 0.033 
s1159 0.05 Intron 3 T/G I ->M 0.2169 0.0829* 0.030 
s1354 0.04 Exon 4 T/C  0.1580 0.0929* 0.022 
*q < 0.1 **q < 0.05 619 
 620 
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Figures 645 
  646 
 647 
Figure 1.  Variation among family means for eight cuticular hydrocarbons and male 648 
mating success in D. serrata. Broad-sense heritabilities are shown and P-values are 649 
from likelihood ratio tests for the existence of non-zero among-family variance 650 
component in a multivariate random effects linear model (d.f. = 1 in all cases). Each 651 
point refers to a line mean and for each trait lines have been ranked. Error bars are ± 1 652 
S.E.  653 
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Figure 2.  Test of associations for CHCs and male mating success for 36 common 656 
SNPs (MAF > 0.02) at the desaturase 2 locus in D. serrata (CHCs: solid black dots; 657 
male mating success: open white dots). Thresholds correspond to FDR levels of 5% 658 
for CHCs (black dashed line) and 10% for male mating success (grey dashed line), 659 
–log10 of the q-values are shown for each SNP. 660 
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 664 
 665 
 666 
 667 
  668 
  669 
Figure 3. Direction of SNP effects on CHCs (A) and male mating success (B) in a 670 
natural population. A) Geometric representation of the orientation of additive effects 671 
vectors for CHC-associated SNPs (black) and the multivariate direction of sexual 672 
selection, β (dotted), in a natural population of D. serrata. The grey arrow represents 673 
an angle of 90° between an allelic effect and the vector of sexual selection.  B) Strip 674 
chart showing a skewed distribution in the direction of minor allele effects on male 675 
mating success in D. serrata for 15 SNPs associated with male mating success. 676 
Values have been jittered vertically to aid visualisation.  Negative values indicate that 677 
the minor frequency allele decreases mating success.   678 
 679 
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 680 
Supplementary Figure 1. Linkage disequilibrium across 1440bp of the desaturase 2 681 
locus in a natural population of D. serrata.  682 
 683 
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Pairwise LD
Physical Length:1.4kb
*
*
*
  s3
  s6
  s1 3
R2 Color Key
0 0.2 0.4 0.6 0.8 1
s132 
s371 
s580 
 21
Supplementary Table 2.  Variance components and likelihood ratio test results of 686 
tests for significant among family variance in CHCs and male mating success.   687 
 688 
Trait Variance Component H2 -2ln(Likelihood) P  
 Family Within  Full Reduced Diff  
5,9-C25 0.000279 0.000791 0.521495 -3130.5 -3039.8 90.7 < 0.0001 
9-C25 0.001994 0.003812 0.686876 -1909.5 -1756.4 153.1 < 0.0001 
9-C26 0.002511 0.004881 0.679383 -1723.3 -1560.1 163.2 < 0.0001 
2-Me-C26 0.007609 0.010600 0.835741 -1108.6 -896.9 211.7 < 0.0001 
5,9-C27 0.003983 0.004659 0.921777 -1717.7 -1457.7 260.0 < 0.0001 
2-Me-C28 0.002660 0.005752 0.632430 -1606.6 -1478.9 127.7 < 0.0001 
5,9-C29 0.017440 0.005752 1.503967 -453.9 -254.5 199.4 < 0.0001 
2-Me-C30 0.017440 0.010400 1.252874 -1178.4 -1077.4 101.0 < 0.0001 
Mating 
success 
0.010480 0.201700 0.098784 976.8 982.0 5.2 0.0115 
 689 
 690 
